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Abstract—Solution that improves marine vehicles control processes automation on the basis of variable
structures robust-optimal systems in conditions of dynamic models of marine vehicles and environment

uncertainty is considered in the report.
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I. INTRODUCTION

The actuality of reducing the operating costs of
the commercial and research fleet and the maritime
safety improvement requires fundamental research in
the development and application of reliable and
comprehensive marine vehicles control systems that
could facilitate safe manoeuvring in limited areas and
implementation of the technical operations in the
open sea.

At the same time, research of the methods of
building autopilots for transport vessels shows the
wide application of the PID-controllers, despite their
well-known weaknesses in terms of the parameters
setup, energy consumption and sensitivity to para-
metric noise. There for additional research is required
to provide more effective and stable control systems.
Requirements of the improvement of energy effi-
ciency, time duration of the operational tasks and
control accuracy, taking into account significant
disturbances in the open seas, are relevant for the
improvement of the existing dynamic positioning
(DP) and maneuvering systems [1], [2].

The facilitation of movement on safe trajectories
and marine vehicles accurate control under uncer-
tainty conditions is based on development and prac-
tical application of robust-optimal control principles.
This approach ensures the solution of the relevant
functional tasks in a real time mode [3]. Implemen-
tation of the high technological performance re-
quirements for maneuvering and positioning tasks of
marine vehicles can be facilitated by the implemen-
tation of control processes based on the development
of application systems with variable structure feed-
backs. These systems are able to facilitate efficiency
in terms of the energy costs reducing and the optimal

control with sufficient invariance to the uncertainty
of marine vehicles and environment.

II. PROBLEM REVIEW

The problem of vehicles stabilization in the re-
searched operating mode or during driving on a pre-
determined path involves the creation of efficient and
physically realizable applied control algorithms. For
these algorithms, fundamental and ever-evolving
element is the feedback control. There are some
known approaches of feedback control: stabilization
of motion of a dynamic system by static feedback
based on the use of linear matrix inequalities, build-
ing a limited feedback with providing additional
properties of transient processes, stabilization on the
basis of quantitative feedback theory and many other
approaches [4] — [7].

To ensure the process of marine vehicles control
in DP mode we will consider the application of sys-
tems with variable structure feedbacks [8], [9] since
the given approach under optimal control synthesis
allows one to avoid some computation complexities
for multidimensional dynamic models for marine
vehicle and includes the main stages: designing the
optimal trajectory; determining the switch time in-
stants of controlling functions in the object feedback
loop; the synthesis of controlling functions in the
relevant feedback loops of multidimensional object.

Designing the optimal trajectory for the given
boundary conditions consists in determining the
required number of trajectory segments with constant
values of the relevant arbitrary state coordinates and
the switch time instants of controlling functions in the
feedbacks loops when passing from the trajectory
initial segment to the given one. Based on the analy-
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sis of diversity of the trajectories for the practical
construction of marine vehicles stabilization trajec-
tories with maximum performance or minimum en-
ergy consumption direct optimality conditions have
been formed [8], [9]. In this case, one applies the
generalized conclusion regarding the direct optimal-
ity conditions for practical construction of marine
vehicle trajectories at positive values of derivatives of
the state coordinate vector.

III. PROBLEM STATEMENT

Features of synthesis of control functions for the
most general problem of marine vehicles stabilization
in the dynamic positioning mode (Fig. 1) are con-
sidered in this paper. The problem of marine vehicles
dynamic positioning in “safe circle” with a limited
radius R (5—10% of the staying depth) is character-
ized by low speeds of permissible fluctuations of
marine vehicles. It should be noted, that the high
accuracy requirements to DP define constructive
solutions for marine vehicles propulsion arrange-
ment.

Fig. 1. Dynamic positioning of marine vehicle

In conditions by action of essential external dis-
turbances, the control system of DP should be able to
ensure the optimal speed stabilization of marine
vehicles in “safe circle” at according criteria

J = | di =min, (1)

]

where #, 1, is the time of control process; and forma-
tion of control forces and moments with physically
limited values for each controlled coordinate.

IV. SOLUTION OF THE PROBLEM

The dynamics of marine vehicles (excluding re-
action of technological tool and external distur-
bances) in the horizontal plane can be represented as

linear system of differential equations for the con-
trolled axes: longitudinal horizontal v, and transverse
horizontal v, speeds, angular speed ® of rotation
(yaw) and heading angle y with respect to the center
of mass taking into account accepted assumptions
and values of the reduced inertia and flow coeffi-
cients [9]

V()= A(V)V() +BU(@), 2)

where V(@) =|v. (1) v,(?) oa(t)‘T are state coordi-

T.() T.(0) M0 is the

nates vector; U(?)=

vector of control forces and moment;
a; a4y, b, 0 0

AV) = a0 ay Ay ; ~|0 b, 0 are pa-
a3 4pV, Ay 0 by, by

rameters and coefficients matrixes.

The dynamic models of stabilizing of the marine
vehicle on the determined trajectories in the prede-
fined safe area of the DP allows only small possible
deviations of marine vehicles from the determined
trajectory for providing accident-free functioning of
the ship. At the small vibrations of the marine ve-
hicle, quasilinearization of nonlinear dynamic models
and elements of the stabilizing system allows to
achieve analytical decisions, which describe the
dynamic behavior of the system in real time and
allows to derive qualitative motion characteristics of
the dynamic system.

Closed-loop marine vehicle control system in the
balancing mode with the following linear feedback

U()=-KV(),

with significant time of the controlled coordinates
change, in comparison to the delay of control device
[8], may be presented as

V(@) =[A(V)-BKIV() =AV)V(@©®) (3)
where K is a matrix of static control regulator,
A(V)=A(V)-BK.
Using decomposition in a Taylor series lineariza-

tion, equation (3) can be presented in linear matrix
form

V(1) = A(V(0)V(0)

+{dK(V(r»V(r)

V() -V(0)];
N0 L»[ (- V(0)]

or
V() =RV()+R, 4)
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R=[A(V(0))-R]V(0);  matrix

R {d&va)w(r)} ‘
V(0)

where  vector
avT

Based on the proper matrix transformations we
can find the solution of differential equation (4) as the
following

Vi(0)=e"V(0)+[e" 'Rdr
0

=MV (0) + ﬁemmR(R)"dT}ﬁ

0

=RV (0)+ { j ekwdRI}R'll_{
0

=e"[V(0)+R"]-R",

where vector R* = R_lﬁ.
With the account of the external measurable dis-

turbances, the equation (2) will be written
V() = K[V* (z)] V(7)+BU(t) + CF(¢) %)

where F(¢)= ‘fx (0 fy@) mg (t)‘T is the vector

¢, 0 0
of external forces and moments; C=|, . (| are
22
0 0 ¢y

coefficients matrixes.

The trajectory for the given boundary conditions
will be speed optimal (1) when moving with maxi-
mum possible number of maximum possible values
of derivatives of state coordinates vector considering
restrictions on controlling action [9].

To ensure the motion on the given segments of
stabilization trajectory we will determine the relevant
controlling functions using the differential transfor-
mation of equation (5) with respect to the zero third
second derivative V(r)=0 of marine vehicle speed

vector taking into account the requirements for
physical realizability of controlling propulsion device
force. It allows us to form the balance equations of
the reduced forces (moments) of control, damping
and disturbance and their derivatives as well

U(t) = -B'[ABU(f) + (A + A2)V(£)

U(t) = B {[A’ (1) + A(DA®) + 2A(D) A1) + A(D)]V (1) + A(1)BU(r)

+[A2(2) + 2A(0)BU(2) + CE(1) + A(H)CE(t) + [AX(r) + 2A(1)|CF(£)}.

Thus, a control system (Fig. 2, KSU is key switch
unit) with a special structure feedback for multidi-
mensional nonstationary linear model of marine
vehicle is formed, which provides the movement on
certain segments of the optimal trajectory with ap-
propriate boundary conditions.

When solving practical problems of DP is neces-
sary to compensate the deviation of marine vehicles
from the center of positioning during the minimum
time interval.

The transition of dynamic object from the initial
segment to a predefined segment of the trajectory an
taking into account the requirements of physical
realizability of control is described by the following
equations

(m [
X)) =Xt ) +...+ X(tlf])%,

(m=1) s (m—1) s (m) s s s
X (ti ): X (ti—l)i X(ti—l)(ti _ti—l)s

where X(¢/) are coordinates vector of marine vehi-
cle; tl.s is the switching moments of control on ith
segment of trajectory.

_ . (6)
+ ACF + CF],
for zero third derivative V(z) =0
(7)
l F() Nonstationary model of marine
vehicle

V(0)
Vi
I >

Alr) |<

Control system with
variable structure of
feedback

A'B+2AB

Fig. 2. Control system with variable stucture feedbacks



36 ISSN 1990-5548 Electronics and Control Systems 2016. N 3(49): 33-39

Further forming the equations of motion in the
form (8) with the given boundary conditions for the
coordinates of marine vehicle, and using the expres-
sion for the control functions of the form (6), (7),
stabilization process of marine vehicle in a given area
of operation is provided. For given boundary condi-
tions and the values of the derivatives of the coordi-
nates vector of the object defined within the con-
straints of the form (6), (7), based on the results of
solving of algebraic equations systems (8), algo-
rithms have been developed, including the introduc-
tion of leading, subleading and driven variables for
multidimensional system, producing a sequence of
moments of switching of control functions in feed-
back of control object.

A. Synthesis of Robust Control

To basic incomplete certainty at the control of
marine vehicles, it is necessary to take:

1. Variation of parameters of mathematical model
and physical object.

2. Uncontrolled (unmeasurable) external distur-
bances.

3. Parametric noises of measuring.

Solution of the problem of robust control of ma-
rine vehicles under conditions of incomplete certainty
is based on use of the system with variable structure,
which forms a reference model for the motion of the
object taking into account controlled external dis-
turbances. The control signal from the reference
model goes to the input of physical marine vehicle
(Fig. 3), and then in the circuit of robust control a
correction signal is generated by comparing the
output signal from the reference model with output of
the control object.

The differential equation (5) taking into account
robust circuit takes the form

V() =A@V ()+B[U, () + U, ()]+CF(). (9)
For reference model equation (5) will take form
V. (6)=A@)V,()+BU, (t)+CF(). (10)

For determining the a correction signal based on
the linear equations (9), (10) obtain an approximate
expression for the deviation vector E(¢)

E(1) ~ A()E(1) - BU, (1), (11)

Define the conditions for the generalized devia-

tion of the dynamic positioning system
E(t)+G,E(t)+G,E(t) =0, (12)

where Gy, G; are matrices of weighting coefficients.
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Fig. 3. Robust-optimal control system of DP of marine
vehicles

Based on (11), (12) we obtain the dependence of
correction robust control U, (¢)

U,(1)=B" {[K(r) +A()’ +G,A()+G, ]E(t)
~[A®0)+G, BU, (1)}
B. Modelling Results

The report presents the results of the DP simula-
tion of marine vehicle to the beginning of the fixed
coordinate system for linear and angular movement
and speed (considered trajectories with zero second
derivative of the vector of coordinates), which pro-
vides transients with a deviation less than 3%
(Figs 4-9).

Uncontrolled external disturbances in the form of
irregular sea waves were generated by the forming
filter [8], parametric noise in the measurement of
output coordinates generated by Gaussian white noise
with corresponding intensity. The uncertainty of
model of the physical object corresponding to the
mathematical model of marine vehicle was set by
varying parameters + 15% of nominal values.

v, M/S

04

Fig. 4. Trajectories of controlled longitudinal horizontal
coordinates
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V. CONCLUSIONS

The synthesis procedure of control functions
based on systems with variable structure feedbacks is
proposed. This procedure allows to resolve the op-
timization task of stabilization for direct optimality
conditions of motion. Systems based on variable
structure feedbacks allow to form the required control
actions and to determine switching moments of con-
trols in the feedbacks and facilitate the positioning of
marine vehicle on optimal defined trajectories within
the constraints on the control. In conditions of in-
Fig. 6. Trajectories of cont}rolled horizontal angular coor- complete information about parameters of the marine

dinates vehicle model and uncontrollable external distur-

T.10°-N bances, robust corrective controls in combination
R | with additional reference control signal provides the

sufficient level of invariance to external uncontrol-
lable disturbances and model uncertainty. The robust
controls are based on the deviation of output con-
trolled coordinates. Modelling examples demonstrate
that proposed approach is more effective than number
of existing control methods in terms of energy con-
sumption and the value of the control deviations, and
the availability of filtering properties of the control in

- 0.1
w. rad

5 1iu ziu ag AiD sij EiEI 7E BiD BL 100 feedback.
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